Heat-exchangers, particle filters, turbines, and other components in integrated coal gasification combined cycle system must withstand the highly sulfiding conditions of the high temperature coal gas over an extended period of time. The performance of components degrades significantly with time unless expensive high alloy materials are used. Deposition of a suitable coating on a low cost alloy may improve is resistance to such sulfidation attack and decrease capital and operating costs. The alloys used in the gasifier service include austenitic and ferritic stainless steels, nickel-chromium-iron alloys, and expensive nickel-cobalt alloys.
ABSTRACT
Heat-exchangers, particle filters, turbines, and other components in integrated coal gasification combined cycle system must withstand the highly sulfiding conditions of the high temperature coal gas over an extended period of time. The performance of components degrades significantly with time unless expensive high alloy materials are used. Deposition of a suitable coating on a low cost alloy may improve is resistance to such sulfidation attack and decrease capital and operating costs. The alloys used in the gasifier service include austenitic and ferritic stainless steels, nickel-chromium-iron alloys, and expensive nickel-cobalt alloys.
During this reporting period we coated coupons of selected alloy steels with diffusion coatings of Cr and Al, as well as with titanium and tantalum nitrides. The coated samples were analyzed for their surface composition. In several instances, the samples were also cut to determine the depth profile of the coating.
Several of the early runs did not yield uniform or deep enough coatings and hence a significant portion of the effort in this period was devoted fixing the problems with our fluidized bed reactor. Before the end of the quarter we had prepared a number of samples, many of them in duplicates, and sent one set to Wabash River Energy Laboratory for them to install in their gasifier. The gasifier was undergoing a scheduled maintenance and thus presented an opportunity to place some of our coupons in the stream of an operating gasifier. The samples submitted included coated and uncoated pairs of different alloys. . of the heat exchanger. These components operate at gas streams containing as much as 2% H 2 S. The temperatures of the heat exchanger and the metal filters are ~ 1000° and ~370°C, respectively. A protective metal or ceramic coating that can resist sulfidation corrosion will extend the life-time of these components and reduce maintenance.
Although the specifications of the material components used in the gasifier system are proprietary, alloys used in the gasifier service include austenitic stainless steels such as 304 alloy, ferritic stainless steels such as 405 and 410 alloys, nickel-based alloys such as Incoloy 800, and nickel-cobalt alloys such as HR160.
Several of the early runs did not yield uniform or deep enough coatings and hence a significant portion of the effort in this period was devoted fixing the problems with our fluidized bed reactor. Before the end of the quarter we had prepared a number of samples, many of them in duplicates, and sent one set to Wabash River Energy
Laboratory for them to install in their gasifier. The gasifier was undergoing a scheduled maintenance and thus presented an opportunity to place some of our coupons in the stream of an operating gasifier. The samples submitted included coated and uncoated pairs of different alloys. 
COATING COMPOSITIONS
We selected several alloy steels that are typically used as components in a coal gasifier. They include nickel-based alloys such as HR-160, Incoloy 800 and stainless steels such as SS304, SS316, SS405, and SS410. All these alloys degrade when exposed to high levels of H 2 S in a high temperature coal gas and require additional protective coatings. For the initial tests, we selected the stainless steel substrates. Because stainless steels are less expensive than the nickel-based alloys, corrosion resistant coating will provide the most benefit. We also selected diffusion coatings of Cr and Al and surface coatings containing silicon nitride and titanium nitride or titanium and tantalum oxides.
Coatings that have high levels of Cr and Al are expected to provide sulfidation resistance.
Coatings of Ti, Ta and Si may provide a compact oxide layer that resists the ingress of S into the alloy. Porous metal tubes are used at WREL as particulate filters at WREL and hence, we also selected porous 316 stainless steel frit for coating deposition.
COATING METHOD
SRI International's fluidized-bed CVD technique has been described in detail in earlier reports. Briefly, volatile metal halides are formed in situ in a fluidized bed reactor by reaction of a metal powder (e.g. Cr, Si, or Ti) with HCl. The metal chloride vapors decompose on the substrate to form a metallic coating. Simplified schematic diagram of a fluidized bed reactor is shown in Figure 1 . The fluidized bed is either heated using an electrical resistance furnace or by RF induction on a graphite susceptor. The fluidized bed, with its high mass and heat transfer characteristics allow uniform temperature and rapid deposition rates.
COATING RUNS
For depositing Cr-Al coating, the specimens were immersed in a fluidized bed of a mixture of alumina powder, chromium powder, and Cr-Al alloy powder. The bed was fluidized with a stream of Ar(g) and H 2 (g). The bed was heated to a temperature in the range 960° to 1000°C and HCl(g) was admitted to generate volatile chromium and aluminum chloride species which then decompose or reduce on the specimen.
Deposition durations were typically about 3 h each. We used a bed of Si or Ti powder mixed with alumina to provide coatings containing Si or Ti. TaCl 5 powder was used as the precursor for Ta-based coatings. 
RESULTS AND DISCUSSION
The coated samples were examined by various techniques such as scanning electron microscope (SEM), energy-dispersive X-ray analysis (EDX), and X-ray fluorescence (XRF). The surface composition of Cr-Al-coated coupons is shown in Table 2 . The data show that the surface is enriched in Cr-Al, except in the case of IN 800 alloy, which is a nickel-rich alloy. We also measured the distribution of Cr and Al diffused into the samples. The depth profiles of SS 216 and SS 410 after coating with Cr-Al coated are shown in Figure 2 . The data indicate that the surface concentration of Cr was high, but the diffusion depth was limited.
The Si 3 N 4 -TiN coated sample was also examined by scanning electron microscopy. The distributions of Si and Ti inside the specimen were determined by the energy-dispersive X-ray analysis. Figure 3 illustrates the SEM image along with Fe, Cr, and Ti maps in the examined area. In this map the brightness of the image is proportional to the concentration of the element at that point. As expected, the elemental maps show that the surface was enriched in Ti, which is consistent with the fact that Ti or TiN cannot diffuse into the stainless steel. The TiN coating appears to be dense and has a thickness of about 2 µm. Figure 5a illustrates a magnified image of one of the particles at location B shown in Figure 4 inside the porous frit. As shown in Figure 5C , titanium is present mainly on the outer edge of each of the metal particles. The level of Si is too low to show its distribution precisely in this map. We believe that Si is also coated only at the outer edges of the particles. During this period we had met with Dr. A. Tsang of Conoco Phillips at the WREL facility in Terre Haute, In, and learnt that the gasifier will be shutdown for scheduled maintenance. This shutdown represented a window of opportunity to place some of the coated samples in the actual gasifier stream, and though we had not yet tested the coatings we had prepared in our laboratory, we nevertheless sent a number of pairs of coated and uncoated samples to WREL. Table 4 lists those samples. 
